ADDITIONAL INDEX WORDS. cool growing, daily light integral, herbaceous annuals, hoop house, temperature SUMMARY. Energy accounts for one of the largest costs in commercial greenhouse (GH) production of annual bedding plants. Therefore, many bedding plant producers are searching for energy efficient production methods. Our objectives were to quantify the impact of growing annual bedding plants in an unheated high tunnel (HT) compared with a traditional heated GH environment at two northern latitudes. Ten popular bedding plants [angelonia (Angelonia angustifolia), vinca (Catharanthus roseus), celosia (Celosia argentea), dianthus (Dianthus chinensis), geranium (Pelargonium ·hortorum), petunia (Petunia ·hybrida), french marigold (Tagetes patula), viola (Viola ·cornuta), snapdragon (Antirrhinum majus), and osteospermum (Osteospermum ecklonis)] were grown both in an unheated HT and a glass-glazed GH with an 18°C temperature set point beginning on 1 Apr. 2011 at both Cornell University (Ithaca, NY) and Purdue University (West Lafayette, IN). Although seven of the species exhibited a delay in flowering in the HT as compared with the heated GH, there were no differences in days to flower (DTF) for geranium, osteospermum, and viola grown at Cornell and viola at Purdue. The remaining species exhibited delays in flowering in the HT environment, which varied based on species. At Purdue, several species were lost because of a cold temperature event necessitating a second planting. For the second planting, osteospermum was the only species grown that flowered significantly later in the HT; 7 days later than the GH-grown plants. Production of cold-tolerant annuals in unheated or minimally heated HTs appears to be a viable alternative for commercial producers aiming to reduce energy costs.
SUMMARY. Energy accounts for one of the largest costs in commercial greenhouse (GH) production of annual bedding plants. Therefore, many bedding plant producers are searching for energy efficient production methods. Our objectives were to quantify the impact of growing annual bedding plants in an unheated high tunnel (HT) compared with a traditional heated GH environment at two northern latitudes. Ten popular bedding plants [angelonia (Angelonia angustifolia), vinca (Catharanthus roseus), celosia (Celosia argentea), dianthus (Dianthus chinensis), geranium (Pelargonium ·hortorum), petunia (Petunia ·hybrida), french marigold (Tagetes patula), viola (Viola ·cornuta), snapdragon (Antirrhinum majus), and osteospermum (Osteospermum ecklonis)] were grown both in an unheated HT and a glass-glazed GH with an 18°C temperature set point beginning on 1 Apr. 2011 at both Cornell University (Ithaca, NY) and Purdue University (West Lafayette, IN) . Although seven of the species exhibited a delay in flowering in the HT as compared with the heated GH, there were no differences in days to flower (DTF) for geranium, osteospermum, and viola grown at Cornell and viola at Purdue. The remaining species exhibited delays in flowering in the HT environment, which varied based on species. At Purdue, several species were lost because of a cold temperature event necessitating a second planting. For the second planting, osteospermum was the only species grown that flowered significantly later in the HT; 7 days later than the GH-grown plants. Production of cold-tolerant annuals in unheated or minimally heated HTs appears to be a viable alternative for commercial producers aiming to reduce energy costs. G reenhouse bedding plant production begins in mid-to-late winter and early spring in temperate northern latitudes when ambient outdoor air temperatures and photosynthetic daily light integrals (DLI) are at seasonally low levels. During this time, GHs are heated to maintain desirable production temperatures. The energy for heating in northern climates accounts for 10% to 30% of the total operating costs of commercial GHs (Brumfield, 2007; Langton et al., 2006) . Therefore, producers are seeking alternative bedding plant production strategies that reduce overall consumption of fuel.
Although HTs are not designed to be equivalent to GHs for yearround protected crop cultivation, there is potential for seasonal use in semiprotected crop cultivation. In floriculture, HTs are employed in cut flower production for season extension and frost protection (Armitage and Laushman, 2003; Byczynski, 2008; Lamont, 2009; Wien, 2009) . HTs generally lack automated ventilation and are passively cooled through side-and/or end-wall and gable ventilation (Lamont, 2009) . As a result, daytime air temperatures inside HTs are %5 to 20°C warmer than ambient outdoor air temperatures (Lamont, 2009) . However, night temperatures in HTs lacking heating systems are similar to, or can be even lower than, ambient outdoor air temperatures (Ogden and van Iersel, 2009 ). In addition to daily minimum and maximum temperatures, the large diurnal fluctuation in air temperature inside unheated HTs may impact bedding plant development and quality. Internode elongation increases as the difference between the day and night air temperatures (DIF) increases, and is suppressed as DIF decreases (Erwin and Heins, 1995) . Excessive stem extension as a result of a large positive DIF usually warrants the application of chemical plant growth retardants.
The combination of low initial capital investment for an HT, reduction or elimination of fuel consumption for heating, and the relatively short crop time for many annuals, suggests that HTs may be a suitable alternative structure for seasonal spring bedding plant production in northern latitudes. Our research objectives were to quantify the growth and development of several bedding plant species in an unheated HT compared with a traditional GH at northern latitudes. HIGH TUNNEL ENVIRONMENT. Ten plants of each species were moved to an east-west orientated HT located in Tippecanoe, IN (Purdue) and Ithaca, NY (Cornell). At both locations, the HTs were covered with a single layer of 6-mil polyethylene. At Purdue, ventilation was provided by end-wall peak vents and roll-up side walls. Side walls were rolled down as needed during periods of high winds. During periods when air temperature was above 10°C and winds were calm, the HT doors and vents were left open. At Cornell, ventilation was automated using an electronic motor to roll up side walls (to a 4 ft height) when temperature inside the HT was above 29°C or roll down side walls when temperature inside the HT fell below 17°C. In addition, end-wall peak vents were manually opened in mid-to-late spring when day temperatures were greater than 21°C.
Materials and methods

Expt
Expt. 2
PURDUE UNIVERSITY ONLY. On 5 Apr. 2011, the temperature in the HT dropped to -6.4°C resulting in severe chilling injury or death of several species. Therefore, a new set of seedlings or rooted cuttings of all species was transplanted in the GH and HT on 8 Apr. 2011, following the protocol above.
At Purdue, resistancebased temperature sensors (External Temperature Sensor; Spectrum Technologies, Plainfield, IL), enclosed thermocouples, and quantum sensors recorded air temperature and light intensity every 20 s and averages were logged every 15 min by a data logger (WatchDog Model 2475 Plant Growth Station, Spectrum Technologies). At Cornell, resistance-based temperature sensors and photosynthetically active radiation (PAR) light sensors recorded air temperature and light intensity every 60 s and averages were logged every 10 min by a data logger (HOBO U12-012; Onset Computer Corp., Bourne, MA). Average DLI and air temperature were calculated for both locations.
Plants were monitored daily and the date of first open flower was recorded to determine the days from experiment initiation to flower (DTF). Diameter of the first open flower was measured. At flowering, plant height was measured as the distance from the substrate surface to the tallest part of the plant. Plant width was determined as the average of two measurements: width at the widest part of the plant and at a 90°a ngle. Plants were destructively harvested at the substrate surface to determine shoot fresh weight (FW) and stem diameter. Shoots were dried in an oven for 3 d at 70°C, and shoot dry weight (DW) was recorded. EXPERIMENTAL DESIGN AND STATISTICAL ANALYSES. The experiment was laid out in as a two-factor factorial, completely randomized design with one factor as geographic locations [L (Purdue or Cornell)] and the other factor as growing environment [E (GH or HT)]. At each location within each GH or HT environment, there were 10 experimental units (single plant in a container) per species and these were randomly distributed within each growing environment. For Expt. 1, analysis of variance tests (PROC GLM, SAS version 9.2; SAS Institute, Cary, NC) were conducted for the species that survived in both locations/environments (dianthus, pansy, petunia, and viola) to identify differences in the measured parameters based on location, environment, or their interaction. When a significant L by E interaction was found, mean separation comparisons were conducted using Tukey's honestly significant difference test at a = 0.05. For species that did not survive in the Purdue HT environment in Expt. 1 (angelonia, celosia, geranium, lobelia, french marigold, osteospermum, and vinca), mean separation comparisons were conducted using Tukey's honestly significant difference test at a = 0.05 to compare measured parameters between Cornell GH, Cornell HT, and Purdue GH. For Expt. 2, analysis of variance tests (PROC GLM, SAS version 9.2) were conducted to identify differences in the measured parameters based on E.
Results and discussion
EFFECT OF LOCATION AND GROWING
ENVIRONMENT ON TEMPERATURE AND LIGHT CONDITIONS. As expected, the unheated HT provided a cooler growing environment than GHs heated to 18°C especially during the month of April (Table 1) . At Purdue, the average daily temperature in the unheated HT was 7.5 and 3.6°C less than the heated GH in April and May, respectively. At Cornell, the HT average daily temperature was 4.5°C less than and 0.3°C greater than the GH in April and May, respectively. As can be noted by the high standard deviation of temperatures as well as the minimum and maximum temperatures, the HT environment is much more variable with regard to daily temperature extremes and fluctuations (Fig. 1) . The maximum temperatures at the Cornell and Purdue HTs appear quite extreme (48.9 and 58.1°C in April, respectively). However, these events were transitory and did not last more than 10 min. Visual plant damage was not evident following these events. The cause of the Cornell event appears to be malfunction of the thermostat and/or electronic motor to roll up the side walls. This demonstrates one risk when growing in HTs vs. a more controlled GH environment. One positive effect of the HT environment at both Cornell and Purdue was an increased DLI (Table 1 ). This may be explained by the minimal structure and superstructures in the HT, which meant less shading as compared with the GH.
EFFECT OF LOCATION ON FINISHING TIME. A cold temperature event occurred one night in early April a few days after planting. This led to an air temperature recording of -3.2°C at Cornell and -6.4°C at Purdue (Table   1 ). After this temperature event, the majority of the angelonia, celosia, geranium, lobelia, french marigold, osteospermum, and vinca grown in the HT died, while dianthus, viola, petunia, and snapdragon survived (Table 2) . Therefore, these species were removed from Expt. 1 at Purdue. Blanchard and Runkle (2011) identified three categories of cold It is well established that temperature controls the rate of plant development, including time to unfold a leaf and time to flower (Roberts and Summerfield, 1987) . However, much of this research has been done in the GH or controlled environment chambers where average daily temperature conditions do not fluctuate as greatly as in HTs.
When comparing the species that survived the 1 Apr. planting date at Purdue (dianthus, viola, petunia, and snapdragon) to their Cornell counterparts, there were some differences in DTF. For dianthus, there was about an 8-d delay in DTF at the Cornell HT as compared with Purdue (Table 2 ). For viola, the only significant difference was that plants at Cornell flowered about 6 d later than those grown at Purdue, regardless of the environment. For petunia, Cornell HT plants flowered about 7 d later than their Purdue counterparts. When comparing the environmental data, it appears that a greater DLI at the Purdue HT may be the primary explanation. Both petunia and viola are reported to flower earlier developmentally under increasing DLI (Oh et al., 2010) as they exhibit a facultative irradiance response. For snapdragon, DTF of HT plants were similar between both locations.
E F F E C T O F G R O W I N G
ENVIRONMENT ON FINISHING TIME.
At Cornell, HT-grown geranium, osteospermum, and viola had a similar DTF as GH-grown plants (Table 2) . However, at Cornell, a delay in DTF was observed for HT-grown angelonia (12 d), celosia (9 d (Table 3) . EFFECT OF GROWING ENVIRONMENT ON PLANT QUALITY. Shoot FW and DW, plant height and width, and flower diameter were recorded to determine the overall plant quality for this experiment. At Cornell, the DW of celosia, geranium, and viola were significantly greater in the GH than HT, while DW of dianthus and osteospermum were greater in the HT (Table 2 ). Dry weight of angelonia, lobelia, french marigold, petunia, snapdragon, and vinca was unaffected by growing environment. At Purdue for 1 Apr. plants, dianthus and snapdragon had a greater DW in the HT than the GH, whereas viola and petunia were unaffected by growing environment. The increase in DW for some plants in the HT environment may be due to greater DLI and longer finish time as compared with their GH counterparts. For the 8 Apr. transplant date at Purdue, the DW of HT angelonia, celosia, dianthus, french marigold, osteospermum, snapdragon, and vinca plants was greater than the GH-grown plants (Table 3) . However, geranium and lobelia plants had a greater DW in the GH, and viola and petunia were unaffected by growing environment. These results suggest that reductions in DW from the HT environment could be largely avoided by planting later in the spring so as to avoid low night temperature events.
In general, HT-grown plants were similar or shorter than those grown in the GH. Angelonia, celosia, and petunia plants exhibited the most dramatic height differences at Cornell, as HT plants were about half as tall as GH plants. Initially, this challenged our concern about the potential for excessive stem elongation as a result of large diurnal differences in the air temperature and, therefore, a large positive DIF (Fig. 1) . However, on closer investigation of our air temperature data, we found that often the coldest period was around the predawn time period. This temperature regime is similar to a DIP or DROP, where a negative DIF is created by reducing GH air temperatures in the morning for several hours (Erwin and Heins, 1995) . Therefore, we believe this resulted in stem elongation similar to or less than those grown in the GH. Average daily temperature was also lower in the HT than the GH during much of the growing season. In addition to temperature, we also believe that the DLI contributed to large differences in plant growth. While the effects of DLI on stem elongation vary among species, it is common for stem elongation to be reduced under high DLIs (Blanchard et al., 2011) . In our study, the HT DLIs were generally two times greater compared with the GH DLIs and can help explain why there was not excessive stem elongation in the HT. We could not find direct comparisons in the literature of light transmission in a GH vs. a nearby sited HT. In New Jersey, the percent transmission of PAR in HTs at two locations averaged 76% (Both et al., 2007) , and a study in a Michigan HT reported 74% PAR transmission (Lang, 2009 ). Giacomelli and Roberts (1993) reported that percent transmission of PAR at crop canopy as measured in four different GH structures varied from 45% to 56%.
There were subtle differences of growing environment on flower diameter. At Purdue for the 1 Apr. transplant date, GH dianthus had larger flowers than HT plants. At Cornell GH, geranium, french marigold, petunia, and snapdragon had larger flowers than HT plants. Between a T b and optimal temperature, the rate of plant development is linearly related to temperature (Roberts and Summerfield, 1987) . Growers frequently use this relationship to their advantage and can lower or raise GH air temperature set points to increase or decrease the rate of plant development to hasten or slow plant development to meet market dates. The use of unheated HTs x Lobelia plugs were in flower at transplant, therefore DTF was not applicable.
• October 2014 24 (5) removes the ability to control temperature beyond passive cooling via ventilation through side and end walls. While we acknowledge the risk of finishing spring bedding plant crops in an unheated environment, there is a potential for gains in profitability for producers because of the lower capital and energy costs of HTs as compared with conventional GHs. More work is necessary to quantify the economic costs of finishing spring bedding plants in an HT vs. a GH including a risk assessment.
Conclusions
In this research, we investigated the suitability of unheated HTs for finishing several common bedding plant species in the spring at two USDA Hardiness Zone 5 locations. Based on our findings, the suitability of bedding crops should be examined on a cultivar-and species-specific basis. As well, local conditions must also be considered. At Cornell, all 10 species survived in the unheated HT environment when moved there on 1 Apr. 2011. The lowest recorded temperature at the Cornell HT was -3.2°C. It is interesting to note that the cold-sensitive species angelonia, celosia, and vinca survived this shortterm cold exposure. A significant delay in flowering was found for most of 10 species when comparing HTgrown plants to those grown in the heated GH. At Purdue, for the 8 Apr. 2011 transplant date, three species exhibited a delay in DTF as compared with GH plants. Thus for 2011 at Purdue, delaying the HT transplant date was an effective method for reducing plant mortality and reducing delays in DTF because of the cold temperature environment of the HT. We found the effects of finishing environment on shoot DW also varied by crop species with the high light and low temperatures of the HT environment being favorable toward DW accumulation of some species but not others. Regarding plant height, the HT environment generally led to height being the same as or shorter than the heated GH. Our findings can be used by producers attempting to choose spring bedding plant crops suitable for finishing in unheated HTs in their own operations. Additional work should be done on the use of HTs for bedding plants in other geographic locations and with other bedding plant crops to expand the knowledge base on this production method.
